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ABSTRACT
We report that LAMOST-HVS1 is a massive hyper-runaway subgiant star with mass of 8.3 M⊙ and
super-Solar metallicity, ejected from the inner stellar disk of the Milky Way ∼ 33Myr ago with the
intrinsic ejection velocity of 568+19−17 km s
−1 (corrected for the streaming motion of the disk), based
on the proper motion data from Gaia Data Release 2 (DR2) and high-resolution spectroscopy. The
extremely large ejection velocity indicates that this star was not ejected by the supernova explosion
of the binary companion. Rather, it was probably ejected by a 3- or 4-body dynamical interaction
with more massive objects in a high-density environment. Such a high-density environment may be
attained at the core region of a young massive cluster with mass of & 104 M⊙. The ejection agent that
took part in the ejection of LAMOST-HVS1 may well be an intermediate mass black hole (& 100M⊙),
a very massive star (& 100 M⊙), or multiple ordinary massive stars (& 30 M⊙). Based on the flight
time and the ejection location of LAMOST-HVS1, we argue that its ejection agent or its natal star
cluster is currently located near the Norma spiral arm. The natal star cluster of LAMOST-HVS1 may
be an undiscovered young massive cluster near the Norma spiral arm.
Keywords: stars: individual (LAMOST-HVS1) – stars: abundances – stars: early-type – Galaxy: disk
– Galaxy: kinematics and dynamics – (Galaxy:) open clusters and associations: general
1. INTRODUCTION
Young O- and B-type stars with large peculiar ve-
locities (& 40 km s−1) or with large vertical excur-
sion from the Galactic disk plane (& 1 kpc) are called
runaway stars. Some runaway stars are massive (&
8M⊙; O-type and early B-type), and are thought to
have been ejected from their birth places in the stel-
lar disk. The recently published astrometric data from
Gaia (Gaia Collaboration et al. 2018) have provided us
a unique opportunity to accurately reconstruct the or-
bits of these short-lived massive runaway stars and to
measure their ejection locations and velocities. Such an
analysis enables us not only to investigate the processes
by which such runaway stars are ejected but also pro-
vide new insights into the environments where massive
stars form.
The proposed mechanisms for ejecting massive run-
away stars may be categorized into two classes (Blaauw
1993):
Email: khattori@umich.edu
1. binary ejection mechanism (BEM), in which a run-
away star is ejected as a result of the supernova
explosion of its binary companion (Zwicky 1957;
Blaauw 1961); and
2. dynamical ejection mechanism (DEM), in which
3- or 4-body interaction of stars (and black holes)
in high-density environment ejects a runaway
star (Poveda et al. 1967; Aarseth & Hills 1972;
Hut & Bahcall 1983).
In this work we adopt the above nomenclature and
acronyms BEM and DEM from Silva & Napiwotzki
(2011).
The most striking difference between these two mech-
anisms is the range of intrinsic ejection velocity V intej of
runaway stars with respect to the original binary sys-
tem (in the case of BEM) or the natal star cluster (in
the case of DEM).
In the BEM, the ejection velocity is determined by
the orbital velocity at the time of the supernova explo-
sion and the kick velocity arising from the asymmetry of
the supernova. Tauris (2015) showed that BEM ejects
massive runaway stars of M = 10M⊙ with a velocity up
2 Hattori et al.
to V intej = 320 km s
−1. By taking into account the fact
that less massive stars can be ejected with larger velocity
(Portegies Zwart 2000), we estimate that a B-type main-
sequence star with 8M⊙—such as LAMOST-HVS1, the
subject of this paper—may be ejected with a velocity
up to V intej ∼ 400 km s−1 (= 320 km s−1× 10M⊙/8M⊙),
by this mechanism.
For DEM, the ejection velocity is determined by the
details of how the binary system is disrupted by the
third and/or fourth object, and the ejection velocity is
always smaller than the surface escape velocity from the
most massive object involved in the few-body interaction
(Leonard 1991). The surface escape velocity from an
object with mass M∗ and radius R∗ is given by
1
vesc,∗ = 618 km s
−1
√
M∗
M⊙
R⊙
R∗
, (1)
where (M⊙, R⊙) are the mass and radius of the Sun. As
is obvious from this expression, this can be enormous for
very massive compact objects. As a result, the ejection
velocity of a massive runaway star with M ≃ 8 M⊙
can, in principle, reach V intej ∼ 103 km s−1 if a compact
object such as a very massive star (Gvaramadze et al.
2009) participates in the few-body encounter. If a black
hole participates in the few-body interaction, then the
above argument is no longer valid (the surface escape
velocity corresponds to the speed of light). However,
simulations show that the typical ejection velocity can
be as high as ∼ 103 km s−1 if an intermediate mass black
hole (IMBH) participates in the few-body interaction
(Gvaramadze et al. 2008; Fragione & Gualandris 2018;
see also Hills 1988; Yu & Tremaine 2003).
For both BEM and DEM, theoretical studies sug-
gest that a large ejection velocity of a runaway star
is attained when some extreme conditions are met,
such as very small separation of stars in a binary
to be disrupted or the existence of a massive com-
pact object (Tauris & Takens 1998; Gvaramadze et al.
2008, 2009). Thus, massive runaway stars in the
Milky Way with large ejection velocity may pro-
vide some insights into the extreme environment
in which massive stars form (Gies & Bolton 1986;
Conlon et al. 1990; Hoogerwerf et al. 2001; de Wit et al.
2005; Mdzinarishvili & Chargeishvili 2005; Martin
2006; Silva & Napiwotzki 2011; Tetzlaff et al. 2011;
Boubert et al. 2017; Ma´ız Apella´niz et al. 2018).
In this regard, the recently discovered LAMOST-
HVS1, a luminous blue star in the inner halo with ex-
tremely large velocity (Zheng et al. 2014; Huang et al.
2017), is an intriguing object with which to study the
extreme conditions of the ejection of runaway stars. As
1 In this paper, both the stellar radius and the Galactocentric
radius in the cylindrical coordinate system are expressed by R.
However, the distinction between these quantities is obvious from
the context.
we will describe briefly in Section 2.1, proper motion in-
formation for this star from Gaia Data Release 2 (DR2;
Gaia Collaboration et al. 2018) as well as its young age
suggests that this star was not ejected by the supermas-
sive black hole (SMBH) at the Galactic Center (as has
been proposed for other hypervelocity stars) but was
ejected from the stellar disk. Due to its (almost) un-
bound orbital energy, this star can be categorized as a
massive hyper-runaway star. Based on its current ve-
locity, its intrinsic ejection velocity is also expected to
be quite large. This makes LAMOST-HVS1 a unique
star with which we can recover important information
about the extreme environments that result in massive
star ejection.
In this paper, we investigate the origin of this mas-
sive hyper-runaway star LAMOST-HVS1 by analyzing
its orbit and stellar atmosphere based on data fromGaia
and our spectroscopic observation with Magellan Tele-
scope. The outline of this paper is as follows. In Section
2, we describe the astrometric data from Gaia and ar-
gue that LAMOST-HVS1 was ejected from the Galactic
disk. In Section 3, we derive the stellar parameters from
our spectroscopic data and show that this star is unam-
biguously massive. In Section 4, we analyze the orbit
of this star. In Section 5, we show the results of our
analysis. In Section 6, we discuss the possible ejection
mechanism of LAMOST-HVS1. In Section 7, we discuss
the ejection rate for each possible ejection mechanism.
Section 8 summarizes our conclusions.
2. ASTROMETRIC DATA FROM GAIA-DR2
The astrometric data for LAMOST-HVS1 provided by
Gaia DR2 (Gaia Collaboration et al. 2018) are summa-
rized in Table 1. Here we briefly describe these data and
the simple conclusions that can be drawn from them.
The proper motion of this star is precisely measured
but the line-of-sight velocity of this star is not measured
by Gaia. The Gaia-DR2 parallax is negative and as-
sociated with a large error, and therefore we do not use
this parallax information in our analysis. For the dis-
tance and the heliocentric line-of-sight velocity, we use
our spectroscopic data as discussed in Section 3. The
reliability of the astrometric solution for this star is dis-
cussed in Appendix A.
2.1. LAMOST-HVS1 is a hyper-runaway star
Those stars that have been ejected by the SMBH
at the Galactic Center are often called “hypervelocity
stars” (Hills 1988; Yu & Tremaine 2003; Brown 2015).
Due to the large line-of-sight velocity of LAMOST-
HVS1, it has been thought that this star, which is
marginally bound to the Milky Way, may be a hyperve-
locity star.
Hattori et al. (2018b) showed that for a star at the
distance of LAMOST-HVS1 (d ∼ 10-20 kpc), the az-
imuthal angular momentum Lz has to be extremely
close to zero if it is ejected by the SMBH (since the
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Table 1. Basic properties of LAMOST-
HVS1
Gaia data LAMOST-HVS1
Gaia DR2 source id 590511484409775360
ℓ 221.099505130◦
b 35.407214626◦
α 138.027167145◦
δ 9.272744019◦
G/mag 13.06
(GBP −GRP)/mag −0.2316
̟/mas −0.044
σ̟/mas 0.067
µα∗/(mas yr
−1) −3.54
σµ,α∗/(mas yr
−1) 0.11
µδ/(mas yr
−1) −0.62
σµ,δ/(mas yr
−1) 0.09
Spectroscopic data
Teff 18100± 400 K
log(g) 3.42 ± 0.065
vlos 615 ± 5 km s
−1
v sin(i) 130± 20 km s−1
vmacro 164± 30 km s
−1
vmicro 6± 1 km s
−1
age τ 37.4+4.0
−3.7 Myr
(Current mass) M∗ 8.3
+0.5
−0.4M⊙
(Current radius) R∗ 9.3
+1.0
−0.9R⊙
DM 16.40+0.52
−0.48
dspec 19.1
+5.1
−3.8 kpc
Result of orbital analysis
d 13.3+1.7
−1.5 kpc
Note— The posterior distribution of the distance af-
ter the orbital analysis is denoted as d, while the
spectroscopic distance used as an input of the or-
bital analysis is denoted as dspec (see Figure 4).
potential of the Milky Way in this region is close to
axisymmetric). They showed that if LAMOST-HVS1
was ejected from the Galactic Center its proper motion
would have to lie in a very narrow range of values (see
Figure 4(a) of Hattori et al. 2018b). However, Gaia’s
high-precision proper motion measurements (µα∗, µδ) =
(−3.54±0.11,−0.62±0.09)mas yr−1 of LAMOST-HVS1
indicate that its observed proper motions are so differ-
ent from those predicted in the Galactic-Center-origin
scenario that these data alone rule out this mechanism.
Furthermore, the young age of this star, already
inferred from LAMOST spectra (Zheng et al. 2014;
Hattori et al. 2018b), combined with the above-mentioned
simple analysis of the proper motion, suggests that
LAMOST-HVS1 was born in the Galactic disk and was
ejected to reach its current location several kpc away
from the disk plane. Given its large current velocity,
this star is almost unbound to the Milky Way and thus
LAMOST-HVS1 is a hyper-runaway star.
3. SPECTROSCOPIC DATA
Table 2. Chemical abundances of LAMOST-HVS1
LAMOST-HVS1 B stars Sun
X [X/H](a) A(X) 〈A3 kpcB (X)〉 〈A
8 kpc
B (X)〉 A⊙(X)
Si 0.60 ± 0.06 8.11+0.05
−0.05 7.73± 0.05 7.50± 0.05 7.51± 0.03
Mg 0.33 ± 0.10 7.93+0.06
−0.12 7.76± 0.05 7.56± 0.05 7.60± 0.04
C 0.26 ± 0.07 8.69+0.05
−0.06 8.85± 0.10 8.33± 0.04 8.43± 0.05
N 0.35 ± 0.07 8.18+0.05
−0.05 8.22± 0.11 7.79± 0.04 7.83± 0.05
O 0.17 ± 0.07 8.86+0.05
−0.05 8.94± 0.05 8.76± 0.05 8.69± 0.05
Note— A(X) denotes the abundance of LAMOST-HVS1 derived from our analysis.
〈A3 kpcB (X)〉 and 〈A
8 kpc
B (X)〉 denote the mean abundance of the B stars located
at R = 3kpc and 8 kpc, respectively, derived from table 9 of Nieva & Przybilla
(2012) and the literature values of the radial abundance gradient therein. A⊙(X)
denotes the abundance of the Sun taken from Asplund et al. (2009). (a)Note that
[X/H]= A(X)− A⊙(X) depends not only on A(X) but also on an external quantity
A⊙(X). Thus, any systematic error on A⊙(X) can affect [X/H].
3.1. Observation of LAMOST-HVS1
We observed LAMOST-HVS1 on 2018 January 12 us-
ing the Magellan Inamori Kyocera Echelle (MIKE) spec-
trograph (Bernstein et al. 2003) mounted on the 6.5 m
Landon Clay Telescope (Magellan II) at Las Campanas
Observatory, Chile. The 1.′′0×5.′′0 entrance slit and 2×2
detector binning yielded spectral resolving powers of
R ≡ λ/∆λ ∼ 30,000 and 25,500 on the blue and red
spectrographs, respectively. Light entering the two spec-
trographs is split by a dichroic at ≈ 4950 A˚. Observa-
tions were split into 7 sub-exposures, and the total in-
tegration time was 1.7 hr. The spectra cover 3350 A˚≤
λ ≤ 9400 A˚, although the spectra redward of ≈ 8300 A˚
suffer from fringing. The spectra were reduced using the
CarPy MIKE pipeline (Kelson et al. 2000; Kelson 2003),
including overscan subtraction, flat field division, image
co-addition, cosmic ray removal, sky and scattered light
subtraction, rectification of the tilted slit profiles, spec-
trum extraction, and wavelength calibration based on
ThAr comparison lamp spectra taken between science
exposures. Final signal-to-noise (S/N) ratios per pixel
range from ≈ 50 at 3500 A˚, ≈ 200 at 4500 A˚, ≈ 140
at 5500 A˚, to ≈ 150 at 6500 A˚. These spectra can be
distributed upon request.
3.2. Analysis of spectra of LAMOST-HVS1
The stellar atmosphere analysis is based on a grid
of synthetic atmosphere models built using the atmo-
sphere/line formation code fastwind (Santolaya-Rey et al.
1997; Puls et al. 2005; Rivero Gonza´lez et al. 2012).
The projected rotational (υ sin i) and macroturbulence
velocities are estimated using the iacob-broad code
(Simo´n-Dı´az & Herrero 2007, 2014).
The modeling of the data is carried out in two steps.
Initially, the observed LAMOST-HVS1 spectrum is com-
pared with the synthetic fastwind grid, retrieving the
set of stellar parameters that best reproduce the main
absorption lines in the data. The errors in the macro-
4 Hattori et al.
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Figure 1. The normalized MIKE spectrum of LAMOST-HVS1 (black solid line) with some absorption lines annotated. The
red dashed line is the synthetic fastwind model using the best-fit parameters in Tables 1 and 2. We note that the helium
abundance is fixed to approximate Solar abundance. The residual spectrum (enlarged by a factor of 5) is shown by the magenta
solid line, and the 2σ noise level (enlarged by a factor of 5) is shown by the blue dashed lines. The high signal-to-noise ratio of
our spectroscopic data and the good match with the model demonstrate the reliability of our stellar parameters and abundances.
We note that the observed spectrum has not been shifted to the rest-frame. (That is, we do not correct the observed spectrum
for the heliocentric line-of-sight velocity, vlos = 615 km s
−1, and the observer’s motion relative to the Sun, −13 km s−1; we shift
our model spectrum instead.) Analyzed metallic absorption lines are shown (by vertical line segment) only when the equivalent
width is larger than 0.025 A˚. Some absorption lines that are shown (by vertical line segment) but not annotated (e.g., those on
both sides of Hγ line) are OII lines. The sharp absorption features left to Hα are telluric lines.
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turbulence and rotational velocities are estimated using
the Fourier approach and goodness-of-fit algorithms de-
scribed in Simo´n-Dı´az & Herrero (2007, 2014). Based
on the best model, a new grid is designed exploring dif-
ferent chemical compositions using fine steps of 0.1 dex
in the abundances of the elements displayed in the obser-
vations (i.e. Si, Mg, C, N and O) and, microturbulence
in steps of 1 km s−1. Also, two abundance values for
helium, namely Y = He/H = 0.10 (approximate Solar
abundance) and 0.15 (super-Solar abundance), are tried;
and we fix it to the Solar abundance as it results in a
better fit to the data. The observed spectrum is cross-
matched with this new grid until we find the composition
and microturbulence that are able to reproduce the dif-
ferent spectral features. A detailed description of the
technique and main transitions used in the analysis can
be found in Castro et al. (2012) (see also Lefever et al.
2010). The stellar parameters and chemical composi-
tion (and their 1σ random error) obtained from the
quantitative analysis are listed in Tables 1 and 2. The
best-fit synthetic spectrum and the observed spectrum
are shown in Figure 1.
It is worth mentioning that we obtain a large macro-
turbulence from our analysis. Simo´n-Dı´az et al. (2017)
also found stars with large macroturbulence at simi-
lar mass ranges. Our estimation is indeed higher than
their findings in the iacob sample. Below 15M⊙ the
authors suggest different mechanisms that could in-
duce this additional broadening: the presence of stellar
spots, surface inhomogeneities, and stellar oscillations
(Aerts et al. 2014).
The heliocentric line-of-sight velocity of LAMOST-
HVS1 derived from our spectroscopy is vlos = 615 ±
5 km s−1, which is consistent with the previous measure-
ments by LAMOST, 611.65± 4.63 km s−1 (Huang et al.
2017). This agreement probably suggests that this star
is not in a binary system.
The stellar distance is estimated in the following
manner. First, we draw 1000 samples of (Teff , log g)
from the error distribution mentioned above. Then,
for each realization of (Teff , log g), we make a point-
estimate of the stellar radius R∗ based on the ro-
tating evolutionary tracks published by Ekstro¨m et al.
(2012). For each set of (Teff , log g, R∗) and the cor-
responding synthetic fastwind spectral energy distri-
bution, we calculate the probability distribution func-
tion (PDF) of the distance given the observed optical
and IR photometry of LAMOST-HVS1 (B and V from
APASS DR9 Henden et al. 2016; J , H , Ks from 2MASS
Cutri et al. 2003; all of these quantities are listed in ta-
ble 1 of Hattori et al. 2018b). We adopt the standard
Cardelli et al. (1989) extinction law with RV = 3.1; and
the adopted color excess is E(B − V ) = 0.085 for this
star. Finally, we add these 1000 PDFs to obtain the
full PDF of the spectroscopic distance dspec. Gaia re-
ports a negative parallax ̟ for LAMOST-HVS1, but
the median value of our spectroscopic distance is con-
sistent with Gaia’s measurement within two standard
deviations level (|̟ − 1/dspec,median| < 2σ̟).
3.3. Is LAMOST-HVS1 a massive star?
In general, heavier runaway stars are more difficult
to accelerate to large velocities since they need to re-
ceive larger momentum (Portegies Zwart 2000). Thus,
when studying the ejection mechanisms for a runaway
star, it is important to accurately determine its stel-
lar type (and hence its mass) (Silva & Napiwotzki 2011;
McEvoy et al. 2017).
Our analysis suggests that LAMOST-HVS1 is a mas-
sive subgiant star with M∗ ≃ 8M⊙. In order to vali-
date our stellar classification, we provide additional lines
of evidence (Section 3.3.1) and argue that LAMOST-
HVS1 is not a hot blue horizontal branch star (BHB
star; . 1M⊙). We note that some horizontal branch
stars extended beyond Teff > 20000K are often classified
as hot subdwarfs (Greenstein & Sargent 1974; Heber
2009); however the detailed definition of BHB stars is
not important in this paper.
3.3.1. Evidence that LAMOST-HVS1 is not a BHB star
Our analysis suggests that LAMOST-HVS1 shows
(Teff , log g) = (18100± 400K, 3.42± 0.065). These val-
ues are inconsistent with a BHB star. The surface grav-
ity for a BHB star as hot as LAMOST-HVS1 is about
log g ≃ 4.6±0.2, while a BHB star with log g ≃ 3.42 has
Teff ≃ 10000K (Dorman et al. 1993; Moni Bidin et al.
2007, 2011).
Our measurement of large projected rotational veloc-
ity, v sin(i) = 130 km s−1, of LAMOST-HVS1 is typical
of massive stars. In contrast, hot BHB stars with Teff >
11500K show slow rotation with v sin(i) < 7 km s−1
(Behr et al. 2000).
Also, a hot BHB star with Teff > 11500K shows
a depleted helium abundance of Y = He/H . 10−2
(Behr et al. 1999; Moni Bidin et al. 2007), probably due
to the diffusion (gravitational settling) of helium in
the atmosphere (Greenstein 1967; Michaud et al. 1983,
2015). In contrast, the helium abundance of LAMOST-
HVS1 is consistent with Solar abundance.
Furthermore, the effective temperature and the metal
abundance of this star are inconsistent with the assump-
tion that this star is a BHB star. If this is a BHB
star, then the intrinsic overall metallicity [M/H] has
to be as metal-poor as [M/H]< −1 (Xue et al. 2008),
since a metal-rich horizontal branch star is necessar-
ily red (Sandage & Wallerstein 1960; Lee et al. 1994;
Gratton et al. 2010). In contrast, the intrinsic overall
metallicity estimated from [Mg/H] and [Si/H], which are
insensitive to Teff or the internal evolution of a horizon-
tal branch star (Glaspey et al. 1989; Behr et al. 1999;
Behr 2003; Moehler et al. 2003; Gratton et al. 2004;
Fabbian et al. 2005), is super-Solar ([Mg/H]= 0.33 and
[Si/H]= 0.60 if we adopt the Solar abundance from
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Asplund et al. 2009). Therefore it is highly unlikely that
this star is a BHB star.
Based on these considerations, we claim that LAMOST-
HVS1 is indeed a massive B-type subgiant star, con-
firming previous claims (Zheng et al. 2014; Huang et al.
2017; Hattori et al. 2018b).
4. ANALYSIS OF THE ORBIT OF LAMOST-HVS1
4.1. Coordinate system and the model potential
We adopt a Galactocentric inertial right-handed
Cartesian coordinate system (x, y, z), such that (x, y)-
plane is the Galactic disk plane and z-axis is directed
toward the North Galactic Pole. We assume that
the Sun is on the Galactic plane z = 0 (Bovy 2017),
and that the position of the Sun is (x, y) = (−R0, 0)
with R0 = 8.0 kpc. Also, we define a Galactocen-
tric cylindrical coordinate system (R, φ, z) such that
(x, y) = (R cosφ,R sinφ).
We assume that the circular velocity at the Solar po-
sition is v0 = 220 km s
−1 (Kerr & Lynden-Bell 1986)
and the Solar peculiar velocity relative to the circu-
lar velocity is (U⊙, V⊙,W⊙) = (11.1, 12.24, 7.25) km s
−1
(Scho¨nrich et al. 2010). We adopt a realistic Galac-
tic potential model, MWPotential2014 (Bovy 2015).
We note that MWPotential2014 model uses a spheri-
cal NFW dark matter halo with scale length a = 16 kpc,
virial radius r200 = 183 kpc, and virial mass M200 =
0.7 × 1012 M⊙. However, the result of this paper is
not sensitive to the adopted virial mass M200, as long
as a and rvir are tuned so that the rotation curve is
almost unchanged. For example, by taking into ac-
count that recent measurements of M200 of the Milky
Way based on Gaia DR2 (e.g., Posti & Helmi 2018;
Watkins et al. 2018; see also Hattori et al. 2018a) is ∼ 2
times more massive than that of MWPotential2014, we
have checked that the result of this paper is unchanged
when we adopt (a, r200,M200) = (28 kpc, 231 kpc, 1.4 ×
1012 M⊙).
4.2. Sample orbits that represent the observational
uncertainty of LAMOST-HVS1’s orbit
In reconstructing the orbit of LAMOST-HVS1, we
have to take into account the observational uncertainties
in the current position and velocity of the star. Also,
as mentioned in Section 2, we believe that LAMOST-
HVS1 is a young star ejected recently from the stellar
disk. Thus, this prior belief should be considered as well
in reconstructing the orbit. To this end, we use a Monte
Carlo approach as summarized in a flow chart in Figure
2. In the following, we describe our approach in more
detail.
In order to handle the observational uncertainty, we
draw 1,000,000 sets of the observed 6D position-velocity,
(dspec, α, δ, vlos, µα∗, µδ), from the observed values of
these quantities and their associated error distributions.
Here, we fully take into account the correlation between
µα∗ and µδ, but we ignore the tiny errors on (α, δ).
Each realization of 6D observable vector is con-
verted to the Cartesian position (x, y, z) and velocity
(vx, vy, vz) at the current epoch, t = 0. Then this infor-
mation is used to compute the corresponding orbit in the
past, at −Tint < t < 0. Here, we adopt a conservatively
long integration time Tint = 50Myr, which is longer
than our spectroscopic age estimate of τ = 37Myr. We
adopted this value of Tint so that systematic error on τ
does not seriously affect our results.
For 628,953 of the 1,000,000 realizations (63%), the
corresponding orbit does not intersect with the disc
plane at −Tint < t < 0. We discard these improb-
able orbits, and we consider the remaining 371,047
orbits (37%) in the following calculation. For each of
these 371,047 orbits, we record the epoch t = −Tflight
when the orbit intersects with the disk plane. This time
is interpreted as the epoch when LAMOST-HVS1 was
ejected from the stellar disk, and Tflight corresponds to
the flight time of the LAMOST-HVS1 after ejection. We
also record the Galactocentric position (xej, yej, zej = 0)
and Galactic rest frame velocity (vej,x, vej,y, vej,z) at the
ejection epoch. In addition, we record the intrinsic ejec-
tion velocity
V
int
ej = (V
int
ej,x, V
int
ej,y, V
int
ej,z)
= (vej,x, vej,y, vej,z)− (vcirc sinφej,−vcirc cosφej, 0) (2)
which is measured with respect to the local circular
velocity. The magnitude of the intrinsic ejection ve-
locity V intej = |V intej | can be regarded as the impul-
sive velocity change that LAMOST-HVS1 experienced
when it was ejected from the stellar disk, with an as-
sumption that it was orbiting in the Milky Way in a
circular orbit before the ejection. Here, vcirc is the
circular velocity in our potential model evaluated at
the Galactocentric cylindrical radius Rej; and we note
(xej, yej) = (Rej cosφej, Rej sinφej).
As discussed earlier, LAMOST-HVS1 is a massive B
star that was probably ejected from the stellar disk.
Thus, our initial guess (prior to the detailed orbital anal-
ysis) on the probability distribution of the ejection lo-
cation of this star, (xej, yej, zej), is proportional to the
density distribution of massive B-type stars in the disk.
In order to take into account this prior distribution,
we randomly draw 103,636 orbits from the 371,047 or-
bits according to a probability that is proportional to2
Σ(Rej) ∝ exp[−Rej/(2.5 kpc)]. Here, we adopt this func-
tional form of Σ(R) by taking into account the observed
surface density of thin disk stars (Yoshii 2013). Al-
though this weighting scheme is simple, we find it useful
because it does not require any knowledge on the dy-
2 A more appropriate prior should be proportional to
ρ(xej, yej, zej) ∝ exp[−Rej/(2.5 kpc)] exp[−|zej|/zd] with zd the
scale hight of B stars. Our assumption is equivalent to setting
zd → +0, respecting the high concentration of B stars on the disk
plane.
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Figure 2. A flow chart that describes how we construct sample orbits from the error distribution.
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Figure 4. The probability distribution of the distance to
LAMOST-HVS1. The distance distribution of the sampled
orbits after (step 1), (step 2), and (step 3) in Figure 2 are
shown by the green dashed, orange thin, and blue thick his-
tograms, respectively. We see that the spectroscopic distance
(green dashed histogram) is comparatively uncertain by it-
self, and our belief in the distance is improved after we take
into account the orbital information (blue solid histogram).
The blue thick and orange thin histograms are normalized
to unity; while the green dashed histograms is scaled so that
the difference from the orange thin histogram can be clearly
seen.
namical process that ejected this star. In Section 5, we
will analyze these 103,636 orbits.
4.3. Caveat
In Section 4.2, we discard 63% of the realized Monte
Carlo orbits because they do not cross the disk plane re-
cently (in the last 50Myr). We think this is mainly be-
cause our spectroscopic distance is not accurate enough
(see Section 5.1). More reliable parallax data from fu-
ture data releases of Gaia would be helpful to check
this view. If our spectroscopic distance and age are cor-
rect (and if the Gaia proper motion is correct – see Ap-
pendixA), the tension between the flight time and the
stellar age might indicate a possibility that LAMOST-
HVS1 did not originate from the Galactic disc. However,
the chemical abundance pattern is consistent with the
disk origin of this star (see Table 2 and Section 5.7), so
we do not pursue this unlikely possibility further in this
paper.
5. RESULT: PROPERTIES OF THE
RECONSTRUCTED ORBIT OF LAMOST-HVS1
In Figure 3, we plot the distributions of various quanti-
ties characterizing the ensemble of 103,636 reconstructed
orbits for LAMOST-HVS1. This plot summarizes the
most important results of this paper. Based on our or-
bital analysis, LAMOST-HVS1 is currently located d ≃
13 kpc away from the Sun, it was ejected from the stellar
disk about Tflight ≃ 33Myr ago, its ejection location was
Figure 5. The probability distribution of the current loca-
tion of LAMOST-HVS1 (upper two panels) and the location
when it was ejected from the stellar disk (bottom panel) rep-
resented by the 103,636 sample orbits. (Only 2% of them are
shown for clarity.) The black plus and red dot correspond
to the Galactic Center and the current Solar position, re-
spectively. In panels (a) and (b), the vertical dashed lines
indicates the 16th, 50th, and 84th percentiles of the current
x coordinate of LAMOST-HVS1, which are shown to pro-
vide a rough idea of the distance uncertainty. In panel (c),
the vertical dashed lines indicate the 16th, 50th, and 84th
percentiles of the x coordinate of the ejection location, xej.
in the inner disk (Rej ≃ 3 kpc) and it was ejected with
an initial intrinsic speed of V intej ≃ 568 km s−1 (magni-
tude of the velocity vector defined in equation (2)). In
what follows we investigate the physical implications of
these results.
5.1. Heliocentric distance to LAMOST-HVS1
Figure 3 shows the probability distributions of var-
ious quantities (V intej , Rej, Tflight, d) associated with the
103,636 orbits. We note that the distributions of vari-
ous quantities, especially (Rej, Tflight, d), are highly cor-
related. These correlations are, in fact, almost entirely
explained by the distance uncertainty, since the obser-
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Figure 6. The probability distribution of the ejected ve-
locity for LAMOST-HVS1 and 46 other runaway stars in
Silva & Napiwotzki (2011) with good Gaia parallaxes. For
clarity, we show the same histograms in linear and logarith-
mic scales on top and bottom panels, respectively.
vational uncertainty of the current position and velocity
of LAMOST-HVS1 is dominated by the distance uncer-
tainty. Thus, we first investigate the heliocentric dis-
tance to LAMOST-HVS1 and demonstrate that our or-
bital analysis actually improves our estimate on the dis-
tance to this star.
The initial guess for the heliocentric distance was our
spectroscopic distance estimate, dspec. The probability
distribution of dspec, represented by the 1,000,000 Monte
Carlo sample, is shown by the green dashed histogram
in Figure 4. As we can see, this distribution has a long
tail toward large distance (up to dspec ≃ 35 kpc).
Our orbital analysis shows that only 371,047 orbits
(37%) are consistent with the scenario that LAMOST-
HVS1 was ejected from the stellar disk recently (less
than 50Myr ago). These orbits have relatively small
heliocentric distance, d . 17 kpc, as we can see from the
orange histogram in Figure 4. This preference toward
small heliocentric distance is simply a consequence of
requiring the flight time to be smaller than the upper
limit (50Myr).
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Figure 7. The probability distribution of the current
position of the ejection agent of LAMOST-HVS1 (the ob-
ject that ejected LAMOST-HVS1; this may be an IMBH, a
VMS, or ordinary massive stars in the natal star cluster).
(a) The distribution in the Galactic disk plane represented
by the 103,636 Monte Carlo sample. (Only 2% of them
are shown for clarity.) We note that the spatially elon-
gated distribution arises from the uncertainty in the current
heliocentric distance to LAMOST-HVS1. The distribution
appears to have significant overlap with the Norma spiral
arm. The three dashed lines indicate the 16th, 50th, and
84th percentiles of the Galactic longitude. The open trian-
gles show the locations of the known young massive clusters
(Portegies Zwart et al. 2010). (b) This panel shows the same
information, but in the distance (dagent) and Galactic longi-
tude (ℓagent) space. The three vertical dashed lines in the
bottom right panel indicate the 16th, 50th, and 84th per-
centiles of the Galactic longitude, which are also shown in
panel (a).
10 Hattori et al.
After taking into account the probability distribution
of the ejection radius Rej arising from the stellar density
profile of the disk, the distribution of d for our final
sample of 103,636 orbits is even more weighted toward
smaller values, as shown by the blue thick histogram
in Figure 4. Thus our estimate of the distance to this
star is substantially improved by the information on the
stellar orbit, our assumptions on the physical nature of
the star, and properties of the stellar disk from which
it was (assumed to be) ejected. Hereafter, we will
only use this posterior distribution of the distance, d =
13.4+1.7−1.5 kpc. We note that this estimate happens to be
close to the estimate by Zheng et al. (2014).
5.2. Current position and velocity of LAMOST-HVS1
The orbital analysis also improves our guess on the
3D position and velocity of LAMOST-HVS1. Based
on the current position of the 103,636 orbits, we es-
timate that LAMOST-HVS1 is currently located at
(x, y, z) = (−16.2+0.9−1.0,−7.1+0.8−0.9, 7.7+1.0−0.9) kpc (see Fig-
ure 5(a)(b)) with a velocity of (vx, vy, vz) = (−504+16−18,
−131+7−7, 187+20−22) km s−1. We note that the current
total velocity is v = 553+11−9 km s
−1, which makes
this star one of the highest-velocity massive stars
currently known in the Milky Way (cf. Zheng et al.
2014; Brown 2015; Huang et al. 2017; Erkal et al. 2018;
Marchetti et al. 2018; Hattori et al. 2018a; Li et al.
2018). Based on these estimated phase space co-
ordinates the angular momentum of this star is
(Lx, Ly, Lz) = (−329+178−122,−852+671−824,−1474+335−400) kpc km s−1.
We note that the value of azimuthal angular momentum
Lz is substantially different from zero, which suggests
that LAMOST-HVS1 was not ejected by the SMBH at
the Galactic Center. Also, the prograde orbit (Lz < 0)
of this star supports the view that LAMOST-HVS1 was
ejected from the stellar disk.
5.3. Flight time Tflight of LAMOST-HVS1
The orbital analysis suggests that the flight time of
LAMOST-HVS1 after it was ejected from the stellar disk
is Tflight = 33.3
+6.4
−5.0Myr (see Figure 3). It is reassuring
that the median flight time (33.3Myr) is smaller than
the median spectroscopic age τ (≃ 37Myr) (note that
the spectroscopic age was not a constraint on the orbits,
rather we required flight times to be less than 50 Myr).
The proximity of the stellar age to the flight time is
intriguing, suggesting that LAMOST-HVS1 must have
been ejected just after it was born, if we adopt our esti-
mate of its spectroscopic age at face value.
5.4. Ejection location of LAMOST-HVS1
Figure 5(c) shows the distribution of the ejection
locations (xej, yej) for the ensemble of 103,636 orbits
(small blue dots). The location of the Galactic Cen-
ter (black +) and the current location of the Sun (red
⊙) are also marked. The Galactocentric radius of the
ejection location is Rej = 2.9
+2.5
−0.9 kpc (see also Figure
3), where the star formation has been very active re-
cently (Messineo et al. 2016). The chemical abundance
of LAMOST-HVS1 is consistent with the view that this
star was ejected from the inner stellar disk (see Table 2
and Section 5.7).
As seen from Figure 5(c), the distribution of (xej, yej)
is highly elongated, and this elongated shape is almost
exclusively explained by the uncertainty in the current
heliocentric distance to LAMOST-HVS1. The ejection
position (xej, yej) of a sample orbit with smaller (larger)
value of xej corresponds to smaller (larger) current he-
liocentric distance.
As shown in Figure 3, the heliocentric distance d and
the flight time Tflight are almost linearly correlated. Sim-
ilarly, we found that xej and Tflight are almost linearly
dependent. In Figure 5(c), an orbit with xej ≃ −4.7 kpc
has Tflight ≃ 16.7Myr, while an orbit with xej ≃ 11 kpc
has Tflight ≃ 50Myr (the maximum allowed flight time).
There are no sampled orbits with xej > 11.4 kpc due to
our limit on Tflight.
The Galactocentric radius of the ejection location
Rej =
√
x2ej + y
2
ej attains its minimum when d ≃ 12 kpc
(and xej ≃ 0 kpc). The value of Rej becomes larger for
d < 12 kpc and d > 12 kpc since |xej| becomes larger
(while yej varies only mildly as a function of d). This is
why we see a ‘L’-shaped correlation between Rej and d
in Figure 3.
5.5. Intrinsic ejection velocity of LAMOST-HVS1
Given the current position and velocity of LAMOST-
HVS1, the x-component of its velocity vej,x just after
the ejection must have been a large negative value. If
LAMOST-HVS1 had a circular orbit before the ejec-
tion, the intrinsic ejection velocity V intej is smallest
when the velocity vector of the circular orbit is most
closely aligned with the velocity just after the ejection,
(vej,x, vej,y, vej,z). This minimum value of V
int
ej is at-
tained when xej ≃ 1.5 kpc and Rej ≃ 2.2 kpc. This is
the reason for the ‘L’-shaped correlation between Rej
and V intej in Figure 3.
It is important to note that even in the extreme case
when the intrinsic ejection velocity V intej is most closely
aligned to the circular orbit rotating with the circular
velocity of the disk at that radius, the magnitude of V intej
is as large as 530 km s−1. The intrinsic ejection velocity
of V intej ≃ 568+19−17 km s−1 is much larger than those of
other massive B-type runaway stars (see Sections 5.5.1
and 5.5.2).
5.5.1. Comparison with nearby massive runaway stars in
Silva & Napiwotzki (2011)
In order to demonstrate that the massive runaway
star LAMOST-HVS1 is exceptional in its large V intej , we
also analyzed known runaway B-type massive stars in
Silva & Napiwotzki (2011). Silva & Napiwotzki (2011)
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analyzed the orbits of 96 stars that they classified as
main-sequence stars. We found that Gaia data is avail-
able for all of these stars. For the 46 stars in this sam-
ple with high quality parallax data (̟/σ̟ > 5), we
derived the probability distribution of V intej , and derived
the 16th, 50th, and 84th percentile values of V intej . We
found that only three stars (HIP 114569, HIP 11809, PG
1533+467) have V intej that is consistent with 300 km s
−1
or larger (i.e., the 84th percentile value of V intej is larger
than 300 km s−1). Figure 6 shows the probability dis-
tribution of V intej for these three stars. Also, we show
the combined probability distribution of V intej for the re-
maining 43 high-quality sample. From this figure, we see
that V intej of LAMOST-HVS1 is much larger than that
of any other nearby massive B-type runaway stars with
high-quality parallax.
We note that the sample in Silva & Napiwotzki (2011)
includes some stars that are several kpc away from the
Galactic disk according to their spectroscopic distance.
Since our cut on the fractional error in parallax (̟/σ̟)
preferentially excludes distant stars, some of these dis-
tant runaway stars might have a very large V intej . How-
ever, since the main focus of this paper is LAMOST-
HVS1, we do not pursue this point in this paper.
5.5.2. Comparison with other fast-moving stars
Prior to Gaia DR2, more than 20 hypervelocity star
candidates have been studied (Brown 2015; Huang et al.
2017). The re-analysis of these stars after Gaia DR2
shows that some fraction of them are probably runaway
stars ejected from the Galactic disk (Erkal et al. 2018;
Brown et al. 2018; Irrgang et al. 2018). Most of these
stars are late B-type or A-type main-sequence stars with
M . 4 M⊙ (Brown et al. 2014), and only a few of them
are as massive as LAMOST-HVS1.
For example, HD 271791 is a 11-M⊙ runaway star that
was ejected from the outskirt of the Galactic stellar disk
(Heber et al. 2008). Due to its large current velocity,
HD 271791 is classified as a hyper-runaway star. How-
ever, we have confirmed based on the Gaia-DR2 proper
motion data that the intrinsic ejection velocity of HD
271791 is V intej ≃ 400 km s−1, which is not as large as
that of LAMOST-HVS1.
Also, an early B-type star LAMOST-HVS2 (Huang et al.
2017) is a good candidate for a massive hyper-runaway
star. Our (unpublished) preliminary analysis suggests
that this star has a high probability of having been
ejected from the Galactic stellar disk, consistent with
the study by Erkal et al. (2018). However, due to the
lack of high-resolution spectrum of this star, we cannot
rule out the possibility that this star is a low-mass blue
star.
HIP 60350 is another example of high-velocity run-
away star, but this star is only 4.9M⊙ (Irrgang et al.
2010) and not as massive as LAMOST-HVS1.
Li et al. (2018) discovered a hyper-runaway candidate
(LAMOST-HVS4), but this star is only ∼ 4M⊙ if it is a
main-sequence star. Also, there is a possibility that this
star is a low-mass BHB star due to the low-resolution
spectra currently available for this star.
HVS3 (HE 0437-5439) is as massive as LAMOST-
HVS1, but it may have originated from the Large Magel-
lanic Cloud (Edelmann et al. 2005; Gualandris & Portegies Zwart
2007; Przybilla et al. 2008; Bonanos et al. 2008; Brown
2015; Erkal et al. 2018; Irrgang et al. 2018).
Based on these considerations, we argue that LAMOST-
HVS1 is the only well-confirmed massive hyper-runaway
star ejected from the Galactic stellar disk with extremely
large intrinsic ejection velocity of V intej ∼ 600 km s−1.
5.6. Current location of the ejection agent of
LAMOST-HVS1
Theoretical investigations have suggested some pos-
sible mechanisms to accelerate disk stars to produce
runaway stars with extreme velocity. In all of these
mechanisms, some nearby object —including interme-
diate mass black hole (IMBH) or very massive star—
plays an important dynamical role in ejecting a disk
star. To date there is no conclusive evidence that an
IMBH exists in the Milky Way (although there have
been claims of objects close to the central SMBH; e.g.
Oka et al. 2017). While a few very massive stars have
been discovered (e.g. the initial mass of Pistol star is
estimated to be 200-250 M⊙; Figer et al. 1998), there
is no consensus on the numbers of such stars that exist
in the Galaxy and under what specific conditions they
form. Thus, there are compelling reasons to investigate
where the ‘ejection agent’ of LAMOST-HVS1 (the ob-
ject that took part in the ejection of LAMOST-HVS1)
is currently located.
Since the ejection agent was located at (xej, yej, 0) at
t = −Tflight, we can derive its current position by assum-
ing the velocity at t = −Tflight and integrating the orbit
in our model potential (Section 4.1) until t = 0. For
each of the 103,636 sample orbits, we assume that the
velocity of the ejection agent at t = −Tflight is given
by (vx, vy, vz) = (vcirc sinφej + vpec,x,−vcirc cosφej +
vpec,y, 0). Here, the peculiar velocity (deviation from the
circular velocity) vpec,x and vpec,y are randomly drawn
from a 2D isotropic Gaussian distribution with a disper-
sion of 20 km s−1 (typical of the velocity dispersion of
young stars in the Milky Way). We note that the orbit
of the ejection agent is assumed to be confined to the
Galactic disk plane.
Figure 7(a) shows (in blue dots) the possible current
location of the ejection agent in the Galactic plane rep-
resented by the 103,636 Monte Carlo samples. To guide
the eye, we draw three dashed lines corresponding to the
16th, 50th, and 84th percentile values of probable Galac-
tic longitude of the ejection agent. Also, the curved
solid lines of various colors represent the current posi-
tions of the known prominent spiral arms: Norma (ma-
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genta), Perseus (yellow), Sagittarius-Carina (green) and
Scutum-Cruz (blue) (Valle´e 2008). From this figure, we
see that the probability distribution of the current lo-
cation of the ejection agent shows an elongated shape,
reflecting the elongated distribution of (xej, yej). We also
note that this elongated distribution is bent at a dashed
line of ℓ = 14.0◦. This structure is due to the differential
rotation of the disk. Since the angular velocity of disk
stars is larger at smaller R, those ejection agents with
smaller Rej rotate around the Milky Way at larger angu-
lar velocity. We also note that the Monte Carlo points
(blue dots) are nearly aligned with the Norma spiral
arm (magenta curve) at −37.1◦ < ℓ < 14.0◦, which cor-
responds to the central 68% of the distribution. This is
consistent with the idea that young massive star clus-
ters, where massive stars are thought to form, are ex-
pected to be located in or close to spiral arms.
Figure 7(b) shows the probability distributions for
the current location of the ejection agent in the
(dagent, ℓagent)-plane. We see that the Galactic longitude
ℓagent has a wide distribution with two prominent peaks.
These peaks happen to be located near the 84th and
16th percentiles of ℓagent, at ℓagent = 14.0
◦ and −37.1◦.
One of the peaks at ℓagent = 14.0
◦ approximately corre-
sponds to the bending point of (xagent, yagent). We found
that 20% of the orbits in the distribution are enclosed
at 11.8◦ < ℓagent < 15.4
◦, and the corresponding helio-
centric distance at this longitude range is 7.2+0.6−0.7 kpc.
Another peak at ℓagent = −37.1◦ corresponds to the tail
of the distribution at yagent < −4 kpc, whose distribu-
tion is nearly aligned with the line of ℓagent = −37.1◦.
5.6.1. LAMOST-HVS1 indicates an undiscovered young
massive cluster (YMC)?
In the above calculation, we have implicitly assumed
that the ejection agent still survives until today. This is
probably the case if the ejection agent is an IMBH, but
not the case if it is a reasonably massive star (& 30M⊙)
due to the supernova explosion. Even if the ejection
agent does not survive until today, our calculation is
still useful, since it shows the current location of the
natal star cluster of LAMOST-HVS1.
If the natal cluster of LAMOST-HVS1 is as massive
as 104 M⊙ (which is a reasonable assumption as we will
describe in Sections 6 and 7) located at R ∼ 3 kpc, the
cluster can survive for ∼ 1Gyr according to equation
(19) of Portegies Zwart et al. (2010). Even if the clus-
ter mass is ∼ 103 M⊙, it survives for ∼ 200Myr. This
means that the natal cluster may well survive until to-
day. As shown in Figure 7(a), only three young mas-
sive clusters (YMCs) (RSGC1, RSGC2, and RSGC3) at
around (x, y) = (−2.8, 2.5) kpc are marginally consistent
with the region where the natal cluster of LAMOST-
HVS1 can be located. However, since RSGC1-3 are
only 12-18 Myr old (Portegies Zwart et al. 2010), these
clusters did not exist when LAMOST-HVS1 was ejected
(about 33Myr ago). Moreover, the sub-Solar abun-
dance of O, Mg, and Si of RSGC1-3 (Davies et al.
2009; Origlia et al. 2016) is also inconsistent with the
super-Solar abundance of these elements for LAMOST-
HVS1. Therefore, none of the known YMCs could
have ejected LAMOST-HVS1. This result indicates
that the natal cluster of LAMOST-HVS1 is an undis-
covered YMC probably located along the Norma spiral
arm (that may be heavily dust obscured). The chemi-
cal abundance pattern of LAMOST-HVS1 (see Table 2)
might be useful to identify its natal YMC or its sib-
ling stars that were born in the same cluster. Such
a ‘chemical-tagging’ (Freeman & Bland-Hawthorn 2002;
Hawkins & Wyse 2018) may help our understanding on
the origin of hyper-runaway stars.
5.7. Chemistry of LAMOST-HVS1
As we have shown, the kinematic data of LAMOST-
HVS1 indicate that it was ejected from the inner stellar
disk. Here we show that its chemical data are consistent
with this view.
Young stars in the Galactic disk (e.g., classical
Cepheids and OB stars) are known to have a nega-
tive abundance gradient such that the inner stellar disk
is more metal-rich than in the outer disk (Carigi et al.
2005; Esteban et al. 2005; Cescutti et al. 2007). As
seen in Table 2, the abundance of Mg, C, N, and O of
LAMOST-HVS1 is systematically higher than that of
the mean abundance 〈A8 kpcB 〉 of B stars at R = 8kpc,
while it is consistent with 〈A3 kpcB 〉 at R = 3kpc. The
similarity in the chemical abundance pattern between
LAMOST-HVS1 and B stars at R = 3kpc supports our
estimation that the ejection radius of LAMOST-HVS1
was at Rej = 2.9
+2.5
−0.9 kpc.
The Si abundance of LAMOST-HVS1, in contrast,
is appreciably higher than that of typical B stars at
R = 3kpc. This excess of Si is intriguing, because an-
other α element Mg (whose origin is similar to that of
Si) does not show such an excess. In order to see if
the excess of Si is anomalous, we checked the relative
abundance of Si and Mg, A(Si)−A(Mg), for Cepheids
across the Galactic disk. To this end, we used 231
Cepheids in Luck & Lambert (2011) for which both
[Si/H] and [Mg/H] are available. We used [Si/H] and
[Mg/H] for these stars and Grevesse et al. (1996) Solar
abundance to derive A(Si) −A(Mg). We did not see a
clear trend of A(Si)−A(Mg) as a function of R, and
A(Si) −A(Mg) has the mean value of −0.01 and the
standard deviation of 0.13. Among these 231 Cepheids,
we found 10 stars that show A(Si)−A(Mg) > 0.18,
and 3 stars with A(Si) −A(Mg) > 0.30. Thus, the ob-
served A(Si) −A(Mg) = 0.18±0.10 for LAMOST-HVS1
may not be exceptionally high.3 The excess of Si for
3 McEvoy et al. (2017) performed a non-LTE abundance anal-
ysis for 39 B-type runaway stars and found that 31 of them show
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LAMOST-HVS1 might be helpful to identify its natal
star cluster or its sibling stars (see Section 5.6.1).
6. EJECTION MECHANISM OF LAMOST-HVS1
As reviewed in Section 1, there are two possible mech-
anisms, BEM and DEM, to eject a runaway star. Here
we investigate which of these mechanisms could be re-
sponsible for the hyper-runaway star LAMOST-HVS1.
6.1. Binary ejection mechanism (BEM)
In BEM, the intrinsic ejection velocity of a runaway
star that is as massive as LAMOST-HVS1 (M ≃ 8M⊙)
is expected to be smaller than ∼ 400 km s−1 (see Section
1). This upper limit is significantly smaller than the
ejection velocity V intej ≃ 568+19−17 km s−1 of LAMOST-
HVS1. Thus, BEM is disfavored by our estimate of V intej .
6.2. Dynamical ejection mechanism (DEM)
In DEM, the intrinsic ejection velocity can be as large
as V intej ∼ 103 km s−1, depending on the situation (see
references in Section 1). Thus our estimate of the ejec-
tion velocity for LAMOST-HVS1 is compatible with
DEM. Here we further investigate the required situation
for realizing the ejection velocity of LAMOST-HVS1.
6.2.1. 3-body interaction including an IMBH
Hills mechanism is a dynamical mechanism in which
a massive compact object (e.g., a black hole) captures
one star in a stellar binary that passes nearby and
ejects the other star with a large velocity (Hills 1988;
Yu & Tremaine 2003). Gualandris & Portegies Zwart
(2007) and Gvaramadze et al. (2008) investigated how
an IMBH ejects an 8-M⊙ main-sequence star with
Hills mechanism. Their works are useful for us since
LAMOST-HVS1 is also ≃ 8 M⊙. They estimated the
probability that an 8-M⊙ star attains V
int
ej > 500 km s
−1
during this process. They found that this probability
is larger (i) if the IMBH is more massive; (ii) if the
binary companion of the 8-M⊙ star is more massive; or
(iii) if the initial orbital separation a of the binary is
smaller (more compact binary). For example, when an
equal-mass binary consisting of two 8-M⊙ stars inter-
acts with an IMBH with MBH = 10
2 M⊙, there is ∼ 1%
probability that one of the 8-M⊙ star attains larger
ejection velocity than LAMOST-HVS1. This probabil-
ity increases to ∼ 15% and ∼ 30%, if MBH = 103 M⊙
and 104 M⊙, respectively. Thus, this mechanism can
explain the ejection of LAMOST-HVS1.
If LAMOST-HVS1 was ejected by an IMBH, then we
expect that this IMBH is currently located at the re-
gion shown in Figure 7. If this hypothetical IMBH
captures a nearby star to form a close binary, it may
A(Si)− A(Mg) > 0. This result indicates that the overabundance
of Si over Mg may not be too peculiar for runaway stars.
emit ultra-luminous X-rays (> 1039 erg s−1) by accret-
ing material from the binary companion (Hopman et al.
2004). There are no observational signatures of such
ultra-luminous X-ray sources in that region (or else-
where in the Milky Way). This may be explained (i)
if the hypothetical IMBH currently does not have a
close binary companion; (ii) if the close binary com-
panion has stopped transferring material to the IMBH;
or (iii) if the X-ray source is highly obscured by dust.
Even if the hypothetical IMBH does not have a close bi-
nary companion, it could emit (lower-luminosity) X-rays
(< 1039 erg s−1) from an accretion disk formed from
ambient molecular gas in the natal cloud. Such X-rays
might have been already observed as an unclassified hard
X-ray source on the Galactic disk plane (Fornasini et al.
2017; Krivonos et al. 2017; Oh et al. 2018). In this re-
gard, it is interesting to note that Fornasini et al. (2017)
published some ill-characterized X-ray sources in the
Norma spiral arm region (such as the source named
‘NNR 28’ in Fornasini et al. 2017).
6.2.2. 3-body interaction including a very massive star
(50-100 M⊙ or more)
Hills mechanism is effective not only around an IMBH,
but also around other massive compact objects such as
very massive stars (VMSs) with a mass MVMS = 50-100
M⊙ or more. Such stars may have formed as a result
of runaway mergers of less massive stars in dense star
clusters (Miller & Hamilton 2002; Portegies Zwart et al.
2004). The Pistol star in the Arches cluster, whose ini-
tial mass is estimated to be 200-250 M⊙ (Figer et al.
1998), could be an example of such a star.
Gvaramadze et al. (2009) showed that when a com-
pact stellar binary with the initial separation of a =
0.15 AU consisting of main-sequence stars with mass
of (8 M⊙, 40 M⊙) interacts with a 100-M⊙ VMS, the
Hills mechanism ejects the 8-M⊙ star with a velocity
of V intej > 600 km s
−1 (similar to V intej of LAMOST-
HVS1) with a probability of 1%. This probability is
increased if MVMS is larger, and is decreased if a is
larger, which are consistent with the similar results in
Gualandris & Portegies Zwart (2007). Thus, the ejec-
tion of LAMOST-HVS1 can be explained with this
mechanism.
6.2.3. 4-body interaction including a ∼ 30-M⊙ star
According to Table 1 of Leonard (1991), when two
equal-mass binaries consisting of main-sequence stars
with mass of (m,m) and (4m, 4m) collide, the least
massive star (m) can attain an ejection velocity up to
0.721vesc,∗(4m), where vesc,∗(4m) is the stellar surface
escape velocity of the most massive star (4m). If we set
m = 8 M⊙, the corresponding ejection velocity of an 8-
M⊙ star is 770 km s
−1 (= 0.721× 1069 km s−1). (Here
we assume the radius of a 32-M⊙ star to be 10.7 R⊙
following a 3-Myr old stellar model from Ekstro¨m et al.
2012.) This maximum ejection velocity is larger than
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our estimate of V intej for LAMOST-HVS1, so this mech-
anism can explain the ejection of this star.
6.2.4. 4-body interaction with stars with 8-M⊙ or less
Leonard (1991) claimed that when two identical equal-
mass binaries consisting of main-sequence stars with
mass of (m,m) and (m,m) collide, one of the stars
with mass m can attain an ejection velocity up to
0.5vesc,∗(m). This upper limit remains the same or de-
creases if we replace some of the non-ejected stars with
less massive stars. If we set m = 8 M⊙, the corre-
sponding ejection velocity of an 8-M⊙ star is 477 km s
−1
(= 0.5 × 954 km s−1). (Here we assume the radius of
an 8-M⊙ star to be 3.36 R⊙ following Ekstro¨m et al.
2012.) This maximum ejection velocity is smaller than
our estimate of V intej for LAMOST-HVS1. Therefore, the
ejection of LAMOST-HVS1 cannot be explained by dy-
namical interaction of stars if all of the interacting stars
are as massive as or less massive than LAMOST-HVS1.
7. EJECTION FREQUENCY
An 8-M⊙ star, like LAMOST-HVS1, can survive for
∼ 30Myr. Thus, observable hyper-runaway stars more
massive than ∼ 8 M⊙ must have been ejected in the
last ∼ 30Myr or so. Currently, there is only one star,
LAMOST-HVS1, that is confirmed (with high confi-
dence) to be a massive hyper-runaway star with V intej &
600 km s−1. (We note that HD 271791 is also a mas-
sive hyper-runaway star, but with V intej ≃ 400 km s−1.)
Thus, we estimate that the ejection rate of massive
(≥ 8 M⊙) hyper-runaway stars with V intej & 600 km s−1
from the entire stellar disk of the Milky Way is at least
∼ 1 per 30Myr.
In Section 6, we argued that the large intrinsic ejec-
tion velocity of LAMOST-HVS1 is consistent with three
channels of dynamical ejection. Here we estimate the
expected number of massive hyper-runaway stars with
V intej & 600 km s
−1 ejected in the last 30 Myr for these
mechanisms under some optimistic but reasonable as-
sumptions. These theoretical ejection rates would be
helpful to determine whether any of the channels can
naturally explain the observed ejection rate.
In Section 7.1, we explain some common assumptions.
In Sections 7.2, 7.3, and 7.4, we will discuss the theoret-
ical ejection rates associated with (1) ordinary massive
stars, (2) an IMBH, and (3) a VMS, respectively. A
busy reader may skip to Section 7.5, where we summa-
rize these ejection rates.
7.1. Assumptions on young massive clusters (YMCs)
Since all of the possible mechanisms to eject a hyper-
runaway star with M = 8 M⊙ are associated with close
encounter of the 8-M⊙ star with more massive objects
(e.g an IMBH or VMS) and since these objects are
thought to preferentially form in regions of very high
stellar density (Gvaramadze et al. 2008, 2009), we as-
sume, as others have done, that these massive objects
form rapidly in YMCs. Since these mechanisms also
operate most efficiently in YMCs we assume them to be
the sites of massive hyper-runaway ejection. In this Sec-
tion, we briefly summarize some of the assumptions and
concepts that we use in our calculations to estimate the
ejection rates.
7.1.1. Stars in YMCs
There have been extensive efforts to constrain the ini-
tial mass function (IMF) of stars in YMCs, but due to
the limited range of detectable mass, it is currently diffi-
cult to determine whether their IMFs differ significantly
from standard IMF models (Portegies Zwart et al.
2010). Throughout this Section, we assume that the
stars in a star cluster follow the Salpeter initial mass
function (Salpeter 1955) for stellar masses in the range
0.2 M⊙ < M < 60 M⊙. Under this assumption, the
mean stellar mass is 〈M〉 = 0.667 M⊙ and each cluster
contains N∗ = 1.50(Mcl/M⊙) stars when the cluster is
formed. Star clusters with mass Mcl < 10
4 M⊙ con-
tain less than 10 stars with M > 30 M⊙, so we will
mainly focus on massive clusters with Mcl & 10
4 M⊙.
For a Salpeter IMF, the number of massive stars with
20 M⊙ < M < 60 M⊙ and 7 M⊙ < M < 11 M⊙ in a
cluster with mass Mcl are given by
N∗(20-60) = 2.31× 10−3Mcl/M⊙ (3)
and
N∗(7-11) = 5.64× 10−3Mcl/M⊙, (4)
respectively. In the following arguments, for simplicity,
we treat each star with (20-60)-M⊙ as if it is a 32-M⊙
star. This is justified by the fact that the mean mass
for these stars is ≃ 32 M⊙. Similarly, we treat each star
with (7-11)-M⊙ as if it is a 8-M⊙ star. This is motivated
by the fact that we are interested in hyper-runaway stars
with M ≃ 8 M⊙.
For massive stars with M > 7 M⊙, we assume that
the binary fraction is 80%, which is motivated by the
observed multiplicity fraction of & (60-80)% for high-
mass stars (Chini et al. 2012; Ducheˆne & Kraus 2013).
Also, the orbital semi-major axis of each massive binary
(a binary containing massive stars with M > 7M⊙) is
assumed to be a = 30 R⊙(≃ 0.14AU), which roughly
corresponds to the peak (but not median) of the ob-
served distribution of a for massive binaries (see fig 2 of
Ducheˆne & Kraus 2013).
We assume primordial mass segregation in YMCs.
This means that massive stars are already located
at the core region when a YMC is formed. This
kind of primordial mass segregation is discussed by
Gvaramadze et al. (2009), but we note that similar
mass segregation may be achieved by dynamical friction
(Gvaramadze et al. 2008). Also, motivated by numeri-
cal simulations (Portegies Zwart et al. 2010), we assume
that the core radius stays small (rc ≃ 0.1 pc) for only
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∼ 6Myr; and after that the core region expands due
to the mass loss from massive stars or supernova ex-
plosion. The timescale for core expansion is important
in our calculations, since the ejection rate of massive
hyper-runaway stars depends on the number density
of massive stars at the core. For reference, the main-
sequence lifetime of 8-, 30-, 60-M⊙ star are 30Myr,
6Myr, and 3Myr, respectively (Ekstro¨m et al. 2012).
7.1.2. Cluster mass function
Since we are interested in the number of mas-
sive hyper-runaway stars ejected from the Milky
Way in the last 30Myr, it is important to esti-
mate the number of YMCs (the assumed ejection
sites) formed in the last 30Myr. Following Section
2.4.2 of Portegies Zwart et al. (2010), we assume that
the star formation rate in the Solar neighborhood
is ∼ 5 × 103 M⊙Myr−1 kpc−2 and that ∼ 10% of
the mass is contained in bound star clusters (includ-
ing YMCs) that do not expand and dissolve. Then
the total mass of bound star clusters formed within
R < 10 kpc from the Galactic Center in the last 30Myr
is Mtot = 4.71 × 106 M⊙. We assume that the mass
function of star clusters formed in the last 30Myr is
given by a Schechter function with a power-law in-
dex of (−2) (Lada & Lada 2003) and scale mass of
MSch = 2 × 105 M⊙ (Portegies Zwart et al. 2010). If
the cluster mass range is 50 M⊙ < Mcl < 4 × 105 M⊙,
the mass function is given by
dNcl
dMcl
=
Mtot
7.6682
M−2cl exp
[
−
(
Mcl
MSch
)]
. (5)
In this case, we have 546, 49 and 2 star clusters with
mass of Mcl = (10
3-104) M⊙, Mcl = (10
4-105) M⊙,
and Mcl = (10
5-105.6) M⊙, respectively (see also
Gvaramadze et al. 2008, 2009). This estimate is con-
sistent with recent observations of YMCs more mas-
sive than 104 M⊙. According to table 2 and fig 3
of Portegies Zwart et al. (2010), there are 12 YMCs
younger than ∼ 20Myr and almost all of these YMCs
are distributed in the near-side of the disk. Based
on the spatial distribution, we estimate that the com-
pleteness of this YMC sample with Mcl & 10
4 M⊙ is
fcompleteness ∼ 0.25-0.50. Then the number of YMCs
with Mcl & 10
4 M⊙ formed in the last 30Myr is
Ncl ∼ (30Myr/20Myr)× 12/fcompleteness = (36-72).
7.2. Ejection frequency by massive stars with ≃ 30 M⊙
Here we investigate the ejection frequency of early B-
type main-sequence stars with ≃ 8 M⊙ by 4-body inter-
action with more massive stars (∼ 30 M⊙; see Section
6.2.3) in the center of YMCs.
To make our calculations tractable, we specifically
consider interaction between (8 M⊙, 8 M⊙)- and
(32 M⊙, 32 M⊙)-binaries (see Section 7.1.1). In ad-
dition, we assume, for simplicity, that all binaries are
equal-mass binaries. With these assumptions as well as
the assumptions in Section 7.1.1, the number of binaries
in the core of a YMC with a mass Mcl can be given by
Nbin(32,32) = 0.924× 10−3Mcl/M⊙ for binaries with mass
(32 M⊙, 32 M⊙) and N
bin
(8,8) = 2.26 × 10−3Mcl/M⊙ for
binaries with mass (8 M⊙, 8 M⊙).
The rate of close encounters between these binaries is
given by
Γencounterbin-bin ≃
(
4π
3
r3c
)−1
Nbin(8,8)N
bin
(32,32)σbin-binVrel, (6)
where σbin-bin is the cross section of binary-binary inter-
action and Vrel is the relative velocity of binaries. Un-
like Leonard (1989) or Gvaramadze et al. (2008), we do
not multiply by a factor 1/2 in evaluating Γencounterbin-bin in
equation (6), since we distinguish the two types of bi-
naries. If we assume that only 1 % of close encounters
results in an ejection of a massive hyper-runaway star
with V intej & 600 km s
−1 (cf. Leonard 1991), we obtain
the ejection rate for massive hyper-runaway stars
Γbin-bin = 0.01× Γencounterbin-bin . (7)
We substitute σbin,bin with the cross section between
a (8 M⊙, 8 M⊙)- and (32 M⊙, 32 M⊙)-binaries. This
procedure is motivated by the simulations by Leonard
(1991). We assume that the orbital semi-major axis
in each binary is a = 30 R⊙. Also, following Leonard
(1989), we set the pericenter distance between these bi-
naries to be rperi = a. These assumptions lead to a cross
section of
σbin,bin ≃ 2πG(m
bin
1 +m
bin
2 )a
V 2rel
, (8)
where (mbin1 ,m
bin
2 ) = (2 × 32 M⊙, 2 × 8 M⊙) are the
binary mass. Thus the hyper-runaway ejection rate of
early B-type stars due to 4-body interaction with ∼ 4
times more massive stars in the core region of a YMC is
given by
Γbin-bin ≃ 1.49× 10−4Myr−1
(
rc
0.1 pc
)−3(
Mcl
104 M⊙
)2
×
(
Vrel
5 km s−1
)−1(
mbin1 +m
bin
2
80 M⊙
)(
a
30 R⊙
)
.
(9)
By taking into account that this dynamical channel to
eject hyper-runaway stars is active for ∼ 6Myr (which
is determined by the main-sequence age of 32-M⊙ star
4
4 For more massive stars, the main-sequence age is shorter.
However, they have larger mass and larger cross section, so it does
not affect our estimation. This is another justification for treating
massive stars with M = (20-60) M⊙ as if they are 32-M⊙ stars.
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as well as the timescale during which the core density
of a YMC is high—see Section 7.1.1), each YMC ejects
(Γbin-bin×6Myr) massive hyper-runaway stars. In order
to estimate the total number of massive hyper-runaway
stars, we need to integrate (Γbin-bin×6Myr×dNcl/dMcl)
over Mcl at 10
3 M⊙ ≤ Mcl ≤ 4 × 105 M⊙. (The clus-
ter mass function is given in equation (5).) By doing
this integration, we estimate that the number of mas-
sive hyper-runaway stars ejected from the stellar disk in
the last 30Myr is
Nbin-bin ≃ 0.943
(
rc
0.1 pc
)−3
×
(
Vrel
5 km s−1
)−1(
mbin1 +m
bin
2
80 M⊙
)(
a
30 R⊙
)
.
(10)
Here, we implicitly assume that the core radius rc is
common for all YMCs. Since Γbin-bin scales as M
2
cl,
a small number of very massive YMCs have some im-
pact on Nbin-bin. For example, if the integration range
is 104 M⊙ ≤ Mcl ≤ 4 × 105 M⊙ and 105 M⊙ ≤
Mcl ≤ 4× 105 M⊙, the representative number of hyper-
runaway ejections (which is 0.943 in equation (10)) are
Nbin-bin ≃ 0.895 and 0.517, respectively. This is re-
markable given that we expect only ≃ 2 YMCs more
massive than 105 M⊙ in the last 30Myr (see Section
7.1.2). This also means that our estimation on Nbin-bin
will be affected by Poisson fluctuations on the number
of very massive YMCs. In any case, our simple analysis
suggests that the ejection of LAMOST-HVS1, an 8-M⊙
massive hyper-runaway star with V intej ∼ 600 km s−1,
can be marginally explained if we consider binary-binary
interaction at the high-density core region of YMCs.
7.3. Ejection frequency by an IMBH
If a YMC harbors an IMBH, it can eject mas-
sive hyper-runaway stars through the Hills mechanism
(Hills 1988; Yu & Tremaine 2003; Bromley et al. 2006;
Gvaramadze et al. 2008; Brown 2015). When a binary
system with the semi-major axis a consisting of stars
with mass (m1,m2) approaches near the tidal breakup
radius of
rt =
(
3MBH
m1 +m2
)1/3
a, (11)
the binary is disrupted with some probability. If one
of the stars, say the primary star (m1), is captured by
the IMBH, the secondary star (m2) is ejected with a
large velocity due to the energy conservation. Numerical
experiments (e.g., Bromley et al. 2006) suggest that the
intrinsic ejection velocity of a star with massm2 is given
by
V intej ≃ 521 km s−1
(
MBH
100 M⊙
)1/6 (
30 R⊙
a
)1/2
×
(
m1 +m2
16 M⊙
)1/3 (
2m1
m1 +m2
)1/2
fR. (12)
Here fR(D) ≤ 1 is an empirical factor of order unity
that depends on a dimensionless variable
D =
rperi
a
(
106 M⊙
MBH
(m1 +m2)
2 M⊙
)1/3
, (13)
where rperi is the pericentric distance of the orbit of the
binary with respect to the IMBH (Hills 1988). The func-
tion fR(D) shows a non-monotonic, unimodal shape,
and its shape can be inferred from figure 3 of Hills
(1988). The approximate expression for fR is given by
fR(D) =
5∑
k=0
ckD
k (for 0 ≤ D ≤ 175) (14)
with (c0, c1, c2, c3, c4, c5) = (0.774, 0.0204,−6.23 ×
10−4, 7.62×10−6,−4.24×10−8, 8.62×10−11) (Bromley et al.
2006). The factor D is also related to the empirical ejec-
tion probability of
Pej =
{
1−D/175 (for 0 ≤ D ≤ 175),
0 (for 175 < D)
(15)
(see figure 1 of Hills 1988).
Let us consider the rate of hyper-runaway ejection
with V intej ≥ 600 km s−1 of a star with m2 = 8 M⊙.
Equation (12) implies that V intej is smaller for larger a.
Given equation (12) and the fact that fR ≤ 1, the condi-
tion of V intej ≥ 600 km s−1 imposes a necessary condition
a ≤ acrit ≡22.6 R⊙
(
MBH
102 M⊙
)1/3
×
(
(m1 +m2)
16 M⊙
)2/3(
2m1
m1 +m2
)
. (16)
If a ≤ acrit is satisfied, there exists a certain range of
D and therefore rperi such that V
int
ej ≥ 600 km s−1. For
a given (MBH,m1,m2, a), the allowed range of rperi for
hyper-runaway ejection can be numerically evaluated by
using equation (14). Due to the unimodal shape of fR,
the allowed range of rperi can be expressed as
5
rperi,min ≤ rperi ≤ rperi,max. (17)
5 If a is exactly equal to acrit or slightly smaller than it, then
the allowed range of rperi is very narrow, which results in very low
probability of hyper-runaway ejection.
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Roughly speaking, the value of rperi,max can be regarded
as the maximum impact parameter for hyper-runaway
ejection. Since fR(D) is a non-monotonic function,
smaller D (or smaller impact parameter) does not nec-
essarily result in larger ejection velocity (see figure 3 of
Hills 1988). Thus, rperi,min can have a non-zero value.
The effective cross section for interaction between the
binaries with mass (m1,m2) and the IMBH that results
in a hyper-runaway ejection is given by
σBH,bin ≃ 2πG(MBH +m1 +m2)rperi,maxfcorr
V 2rel
. (18)
Here 0 ≤ fcorr ≤ 1 is a correction factor given by
fcorr =
1
rperi,max
∫ rperi,max
rperi,min
dr Pej (19)
that takes into account the ejection probability as a
function of rperi (see equation (15)). (If Pej = 1 and
rperi,min = 0, we have fcorr = 1 and thus equation (18)
looks similar to equation (8).) The collision rate between
a given IMBH and the surrounding binaries is
Γeach-IMBH =
(
4π
3
r3c
)−1
NbinσBH,binVrel, (20)
whereNbin is the number of the binaries near the IMBH.
Now let us evaluate Γeach-IMBH for representative en-
vironments. Here we fix m2 = 8 M⊙, a = 30 R⊙, and
Vrel = 5km s
−1. We assume that the core radii of YMCs
are identical. Also, we assume that those YMCs with
Mcl > 10
4 M⊙ harbor a 10
2-M⊙ IMBH, and those with
Mcl > 10
5 M⊙ harbor a 10
3-M⊙ IMBH.
(Case 1)—If (MBH,m1) = (10
2 M⊙, 8 M⊙), the hyper-
runaway ejection does not happen since a = 30 R⊙ 
acrit = 22.6 R⊙.
(Case 2)—If (MBH,m1) = (10
2 M⊙, 32 M⊙), the al-
lowed range of rperi (see equation (17)) is 0 ≤ rperi ≤
72.3 R⊙ and fcorr = 0.597. We assume that the num-
ber of stars with 32 M⊙ is given by N
∗
20-60 and as-
sume the binary fraction of 80%. For simplicity, we
also assume that the binary companion of a 32-M⊙
star is always a 8-M⊙ star. The number of binaries
with mass (m1,m2) in the core of a YMC is given by
Nbin = 0.8 × N∗20-60 = 1.85 × 10−3(Mcl/M⊙). In this
case, we obtain
Γ
(2)
each-IMBH ≃ 3.32× 10−3Myr−1
(
rc
0.1 pc
)−3(
Mcl
104 M⊙
)
×
(
Vrel
5 km s−1
)−1
. (21)
Since the main-sequence lifetime of a 32-M⊙ star is ∼
6Myr, a 100-M⊙ IMBH in a YMC ejects N
(2)
each-IMBH =
(Γ
(2)
each-IMBH × 6Myr) massive hyper-runaway stars dur-
ing this 6Myr-period. If YMCs have an identical core ra-
dius rc, then the total number of massive hyper-runaway
stars from the stellar disk is proportional to the total
mass of the YMCs that harbor an IMBH. Given that
31.5% ofMtot is embedded in YMCs withMcl > 10
4 M⊙
in our cluster mass function in equation (5), we estimate
that
N
(2)
all-IMBH ∼ 2.96
(
rc
0.1 pc
)−3(
Vrel
5 km s−1
)−1
(22)
massive hyper-runaway stars are ejected from the stellar
disk in the last 30Myr.
(Case 3)—If (MBH,m1) = (10
3 M⊙, 8M⊙), the allowed
range of rperi is 0.84 R⊙ ≤ rperi ≤ 174 R⊙ and fcorr =
0.664. We assume that the number of stars with ∼ 8M⊙
is given by N∗7-11 and that the binary fraction is 80%.
For simplicity, we also assume that these binaries are
equal-mass binaries. The number of binaries with mass
(8 M⊙, 8 M⊙) in the core of a YMC is given by N
bin =
0.8× 0.5×N∗7-11 = 2.26× 10−3(Mcl/M⊙). In this case,
we obtain
Γ
(3)
each-IMBH ≃ 7.86× 10−2Myr−1
(
rc
0.1 pc
)−3(
Mcl
104 M⊙
)
×
(
Vrel
5 km s−1
)−1
(23)
Although the main-sequence age of an 8-M⊙ star is
∼ 30Myr, we assume that this ejection can last for
6Myr, by taking into account that the core of YMCs
begin to expand and the density decreases in the early
phase of YMC formation (Portegies Zwart et al. 2010).
Then a 103-M⊙ IMBH in a YMC ejects N
(3)
each-IMBH =
(Γ
(3)
each-IMBH×10Myr) massive hyper-runaway stars dur-
ing this 6Myr-period. By assuming that those clusters
with Mcl > 10
5 M⊙ (that weigh 6.66% of Mtot) harbor
a 103-M⊙ IMBH, we estimate that
N
(3)
all-IMBH ∼ 14.8
(
rc
0.1 pc
)−3(
Vrel
5 km s−1
)−1
(24)
massive hyper-runaway stars are ejected from the stellar
disk in the last 30Myr.
(Case 4)—If (MBH,m1) = (10
3 M⊙, 32 M⊙), then 0 ≤
rperi ≤ 193.4 R⊙ is allowed and fcorr = 0.500. As in
Case 2, we adopt a value of Nbin = 0.8 × N∗20-60 =
1.85× 10−3(Mcl/M⊙). In this case, we obtain
Γ
(4)
each-IMBH ≃ 5.51× 10−2Myr−1
(
rc
0.1 pc
)−3(
Mcl
104 M⊙
)
×
(
Vrel
5 km s−1
)−1
. (25)
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Since the main-sequence lifetime of a 32-M⊙ star is ∼
6Myr, a 103-M⊙ IMBH in a YMC ejects N
(4)
each-IMBH =
(Γ
(4)
each-IMBH × 6Myr) massive hyper-runaway stars dur-
ing this 6Myr-period. As in Case 2, we estimate that
N
(4)
all-IMBH ∼ 10.4
(
rc
0.1 pc
)−3(
Vrel
5 km s−1
)−1
(26)
massive hyper-runaway stars are ejected from the stellar
disk in the last 30Myr.
7.4. Ejection frequency by a very massive star (VMS)
If a YMC harbors a VMS, it can eject massive hyper-
runaway stars through the Hills mechanism, just as an
IMBH does. Here we explain two differences between
the hyper-runaway ejection by an IMBH and that by a
VMS.
First, in the VMS ejection, the stellar binary has to
have rperi that is larger than the radius of the VMS,
RVMS; otherwise the binary may merge with the VMS
(Gvaramadze et al. 2009). In the following discussion,
we assume that a 100-M⊙ star has an radius of 18 R⊙
(Ishii et al. 1999). We note that VMSs with M &
133 M⊙ (Ishii et al. 1999; Yungelson et al. 2008) are
predicted to show a core-halo configuration (Kato 1985)
such that the mass contribution from the stellar outer
diffuse layer is negligible. Following Gvaramadze et al.
(2009), we assume that the mass of a 103-M⊙ VMS is
effectively contained within a radius of 40 R⊙.
Second, a VMS, unlike an IMBH, is not expected to
survive for a long time. The finite age of a VMS deter-
mines the duration of time when a VMS ejects hyper-
runaway stars. When a VMS forms through continu-
ous mergers of massive stars, it can survive longer—due
to the rejuvenation—than an isolated main-sequence
star with the same mass. Since the detailed model-
ing of VMSs is still not satisfactory due to the uncer-
tainty in the mass loss rate of VMSs (Vink 2015) and
in the rejuvenation process (Schneider et al. 2016), in
the following, we simply assume that the lifetime of a
VMS of any mass is 5Myr, motivated by the results in
Portegies Zwart et al. (1999). For simplicity, we also as-
sume that a VMS is formed instantaneously just after
the formation of a YMC and its mass is constant as a
function of time. This assumption means that in our
toy VMS model the stellar mass loss is compensated by
the growth of the mass as a result of mergers.
In the following, we consider Cases 2, 3, and 4 as in
Section 7.3. We do not consider Case 1, since obviously
it results in no massive hyper-runaway stars. In addition
to the above-mentioned assumptions, we assume that
those YMCs withMcl > 10
4 M⊙ harbor a 10
2-M⊙ VMS,
and those with Mcl > 10
5 M⊙ harbor a 10
3-M⊙ VMS,
as in Section 7.3.
(Case 2)—If (MVMS,m1) = (10
2 M⊙, 32 M⊙), the al-
lowed range of rperi is altered to (RVMS =)18 R⊙ ≤
rperi ≤ 72.3 R⊙ and we have fcorr = 0.373. We ob-
tain Γ
(2)
each-VMS = 0.625Γ
(2)
each-IMBH. If we assume that a
102-M⊙ VMS in a YMC survives for 5Myr, it ejects
N
(2)
each-VMS = 0.521N
(2)
each-IMBH massive hyper-runaway
stars during this period. By repeating the same argu-
ments as in Section 7.3, we estimate that
N
(2)
all-VMS ∼ 1.54
(
rc
0.1 pc
)−3(
Vrel
5 km s−1
)−1
(27)
massive hyper-runaway stars are ejected from the stellar
disk in the last 30Myr.
(Case 3)—If (MVMS,m1) = (10
3 M⊙, 8 M⊙), the al-
lowed range of rperi is altered to (RVMS =)40 R⊙ ≤
rperi ≤ 174.0 R⊙ and we have fcorr = 0.456. We ob-
tain Γ
(3)
each-VMS = 0.687Γ
(3)
each-IMBH. If we assume that a
103-M⊙ VMS in a YMC survives for 5Myr, it ejects
N
(3)
each-VMS = 0.573N
(3)
each-IMBH massive hyper-runaway
stars during this period. By repeating the same argu-
ments, we estimate that
N
(3)
all-VMS ∼ 8.48
(
rc
0.1 pc
)−3(
Vrel
5 km s−1
)−1
(28)
massive hyper-runaway stars are ejected from the stellar
disk in the last 30Myr.
(Case 4)—If (MVMS,m1) = (10
3 M⊙, 32 M⊙), the al-
lowed range of rperi is altered to (RVMS =)40 R⊙ ≤
rperi ≤ 193.4 R⊙ and we have fcorr = 0.315. We ob-
tain Γ
(4)
each-VMS = 0.629Γ
(4)
each-IMBH. If we assume that a
103-M⊙ VMS in a YMC survives for 5Myr, it ejects
N
(4)
each-VMS = 0.524N
(4)
each-IMBH massive hyper-runaway
stars during this period. By repeating the same argu-
ments, we estimate that
N
(4)
all-VMS ∼ 5.45
(
rc
0.1 pc
)−3(
Vrel
5 km s−1
)−1
(29)
massive hyper-runaway stars are ejected from the stellar
disk in the last 30Myr.
7.5. Summary and discussion on the massive
hyper-runaway star ejection frequency
In Sections 7.2, 7.3, and 7.4, we have explored the ejec-
tion frequency of massive (& 8M⊙) hyper-runaway stars
with V intej & 600 km s
−1 (comparable to the ejection ve-
locity of LAMOST-HVS1). Since the ejection rate is
proportional to the number density of massive binaries
(for IMBH and VMS ejection) or the number density
squared (for binary-binary interaction), massive hyper-
runaway ejection requires a high density. Also, since
all of these mechanisms are involved with massive ob-
jects, hyper-runaway ejection must occur in young star-
forming regions. These requirements seem to indicate
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that massive hyper-runaway ejection happens only in
YMCs.
We estimate that the number of massive hyper-
runaway stars ejected in the last 30Myr from the stellar
disk of the Milky Way is ∼ 1 for binary-binary encounter
of ordinary stars; ∼ (3-15) for ejection by an IMBH; and
∼ (2-8) for ejection by a VMS. Since LAMOST-HVS1
is the only well-confirmed example of a massive hyper-
runaway star with V intej & 600 km s
−1 that was ejected
in the last ∼ 30Myr, it is interesting that all of the
above-mentioned dynamical channels can explain the
ejection of LAMOST-HVS1. However, we should bear
in mind that we have made some simplistic assumptions
in estimating the ejection frequency. For example, we
can easily change the ejection frequency by a factor of
a few with some fine-tuning of the parameters used.
Some obvious sources of uncertainties include the in-
fluence from the adopted IMF (Section 7.1.1) and the
mass function of the YMCs (Section 7.1.2).
Although the absolute value of our ejection frequency
may not be very accurate, our results are still useful in
understanding the relative efficiency in ejecting hyper-
runaway stars. Here we compare the ejection by an
IMBH and VMS. Our results suggest that a 100-M⊙
IMBH is ∼ 2 times more efficient in ejecting hyper-
runaway stars than a 100-M⊙ VMS. This difference
arises from the fact that a very close encounter with
an IMBH may result in a hyper-runaway star, while a
very close encounter with a VMS will end up with a
merger instead. Of course, this result alone does not fa-
vor IMBH-origin over VMS-origin, since forming a 100-
M⊙ IMBH is probably more difficult than forming a
VMS with the same mass. Also, we note that no IMBH
has been detected in YMCs in the Milky Way, while
some massive stars in YMCs are regarded as remnants
of VMSs.
Our estimate of the ejection frequency by binary-
binary interactions is smaller than those by an IMBH
or a VMS. However, we regard this ejection channel
promising, since it requires multiple ordinary massive
stars (∼ 30 M⊙) and it does not require any exotic ob-
jects or phenomena. Our simple estimate suggests that
the ejection of massive hyper-runaway star with V intej &
600 km s−1 can occur every∼ 30Myr. Since the ejection
frequency in this scenario is proportional to the square
of the number density of massive binaries (see equations
(6) and (7)), the ejection rate can be enhanced by a
factor of X2 if the number density of massive objects is
increased by a factor of X by adopting a top-heavy IMF.
Also, since the ejection frequency from a given YMC is
proportional to M2cl (see equation (9)), the total num-
ber of hyper-runaway stars is increased if a larger num-
ber of very massive YMCs have been formed in the last
30Myr. Such an over-production of very massive YMCs
can happen as a result of Poisson fluctuations. In-
deed, under our assumption of the cluster mass function,
the number of massive clusters with mass 105 M⊙ <
Mcl < 10
5.6 M⊙ formed in the last 30Myr is expected
to be 2 (Section 7.1.2), so the Poisson fluctuation may
result in 70% (=
√
2/2) overproduction or underpro-
duction of YMCs with 105 M⊙ < Mcl < 10
5.6 M⊙.
This results in 40% (= (
√
2/2)× 0.517/0.943) overpro-
duction or underproduction of massive hyper-runaway
stars. In any case, our calculations encourage more de-
tailed simulations of 4-body interaction of ordinary mas-
sive stars in YMCs dedicated to study massive hyper-
runaway stars (Leonard 1991; Fujii & Portegies Zwart
2011; Perets & Sˇubr 2012).
If our estimate of the ejection frequency is correct to a
factor of a few, IMBHs or VMSs in the Milky Way may
have ejected at least a few more massive hyper-runaway
stars with V intej & 600 km s
−1. Also, there is some room
for the 4-body interaction of ordinary massive stars to
have ejected a few more massive hyper-runaway stars.
If more massive hyper-runaway stars are discovered or
confirmed in the future, then it will further motivate
us to study the ejection mechanism of massive hyper-
runaway stars.
8. DISCUSSION AND CONCLUSION
We obtained high-resolution spectra of LAMOST-
HVS1 with MIKE spectrograph mounted on Magel-
lan Telescope and confirmed that this star is an 8.3-
M⊙ B-type subgiant star with super-Solar metallicity
([Si/H]= 0.60 ± 0.06, [Mg/H]= 0.33 ± 0.10; Table 2).
By using the proper motion from Gaia DR2 and the
spectroscopic distance and line-of-sight velocity (Table
1), we reconstruct the orbit of this star. The orbital
analysis suggests that this star was ejected from the in-
ner stellar disk of the Milky Way (Rej = 2.9
+2.5
−0.9 kpc)
with the intrinsic ejection velocity (corrected for the disk
streaming motion) V intej = 568
+19
−17 km s
−1 (Figures 3 and
5). The ejection happened ∼ 33Myr ago, probably just
after the formation of this star in the natal star cluster.
The chemical abundance pattern of LAMOST-HVS1 is
similar to that of inner-disk young massive stars (see
Table 2 and Section 5.7), which supports the disk-origin
of this star.
The large intrinsic ejection velocity of LAMOST-
HVS1 rules out the possibility that this star was ejected
by the supernova explosion of the binary companion.
Rather, this star was probably ejected by a few-body
dynamical interaction with more massive objects in a
high-density environment. Such an extreme environ-
ment may be attained in the core region of a YMC with
mass of & 104 M⊙.
Based on the flight time and the ejection location of
LAMOST-HVS1, we argue that its ejection agent (the
other object that took part in this ejection) or the natal
star cluster must be currently located in the inner disk,
probably near the Norma spiral arm (Figure 7). If the
natal star cluster of LAMOST-HVS1 is as massive as
∼ 104 M⊙, we expect that the cluster survives until to-
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day. The current locations and ages of the known YMCs
as well as the estimated current location of the natal
star cluster of LAMOST-HVS1 indicate that none of
the known YMCs can be the natal cluster of LAMOST-
HVS1 and therefore it may imply the existence of an
undiscovered YMC.
LAMOST-HVS1 is the first well-confirmed early B-
type massive (& 8 M⊙) hyper-runaway star with V
int
ej &
600 km s−1 ejected from the inner Galactic disk. This
fact suggests that the ejection frequency of such massive
hyper-runaway stars from the entire stellar disk of the
Milky Way is & 1 per 30Myr. We argue that this rough
estimate of the ejection frequency can be explained by a
few-body interaction associated with either an IMBH (&
100 M⊙), a very massive star (& 100 M⊙), or multiple
ordinary massive stars (& 30M⊙) (Sections 6 and 7). If
more massive hyper-runaway stars are discovered in the
future, it will help us understand the origin of massive
hyper-runaway stars and the dynamics of the extreme
environment in which massive stars form.
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APPENDIX
A. A NOTE ON THE QUALITY OF THE ASTROMETRIC SOLUTION
When using the Gaia data, we need to be careful about the quality of the astrometric solution. To assess whether
the astrometric data for LAMOST-HVS1 are reliable, we checked some statistical indicators in Gaia DR2 for this star.
First, we checked the criteria (i)-(iv) in Section 4 of Marchetti et al. (2018), which are based on the Gaia documen-
tation as of April 2018 (when Gaia DR2 was released):
(i) ASTROMETRIC GOF AL < 3;
(ii) ASTROMETRIC EXCESS NOISE SIG ≤ 2;
(iii) −0.23 ≤ MEAN VARPI FACTOR AL ≤ 0.32;
(iv) VISIBILITY PERIODS USED > 8;
For LAMOST-HVS1, we have ASTROMETRIC GOF AL = 22.03, ASTROMETRIC EXCESS NOISE SIG = 32.46,
MEAN VARPI FACTOR AL = −0.06760, and VISIBILITY PERIODS USED = 9; therefore the criteria (i) and (ii)
are not satisfied but (iii) and (iv) are satisfied.
Second, we checked the distributions of (i) ASTROMETRIC GOF AL and (ii) ASTROMETRIC EXCESS NOISE SIG
for those stars for which the G magnitude is similar to that of LAMOST-HVS1. Given that the reported parallax for
LAMOST-HVS1 is negative, we checked the distributions of these quantities for stars with positive parallax and nega-
tive parallax. As a result, we found that both ASTROMETRIC GOF AL and ASTROMETRIC EXCESS NOISE SIG
are typically much larger than the Gaia’s recommended upper limits (3 and 2, respectively) when the parallax is neg-
ative. This indicates that the large values of ASTROMETRIC GOF AL and ASTROMETRIC EXCESS NOISE SIG
for LAMOST-HVS1 may be related to the negative parallax of this star. (It is not surprising that the goodness-of-fit
of an astrometric solution is poor if the reported parallax is negative.)
Lastly, we checked the quality flag that was more recently proposed. According to Lindegren (2018) (Gaia DPAC
document published in August 2018), a quantity called ‘renormalized unit weight error’ (RUWE) may be a better way
of assessing the quality of the astrometric solution. Here, RUWE is given by
RUWE =
1
u0(G,GBP −GRP)
√
ASTROMETRIC CHI2 AL
ASTROMETRIC N GOOD OBS AL− 5 , (A1)
and u0 is a normalization factor. From the available data of ASTROMETRIC CHI2 AL = 916.65, ASTROMET-
RIC N GOOD OBS AL = 141, G = 13.06, (GBP − GRP) = −0.2316, and u0(G,GBP − GRP) = 2.11399 for this
star,6 we obtain RUWE = 1.228. The value of RUWE is close to 1.0 and smaller than 1.4, which is expected for a
well-behaved astrometric solution (Lindegren 2018). Thus, the astrometric solution for LAMOST-HVS1 is probably
well-behaved given its magnitude and color.
Based on these assessments (especially the asessment of RUWE), we think that the use of Gaia proper motion for
this star is justified. The rather large values of the above-mentioned flags (i) and (ii) are probably related to the
negative parallax, but we note that the Gaia parallax is not used in our analysis. We will revisit the orbital analysis
of LAMOST-HVS1 with future data releases, for which the astrometric data are expected to be improved.
6 The value of u0 is obtained from the interpolation of the look-up table available at
https://www.cosmos.esa.int/web/gaia/dr2-known-issues.
